Introduction
Influenza A viruses are widespread in nature and cause disease in a number of species including humans, pigs and birds (reviewed by Webster et al., 1992) . Influenza A viruses of the H1N1 subtype were first detected in pigs in the US in 1930, but it was not until 1976 that the first confirmed report was made from Europe, when it was suspected that the virus had been introduced into Italy with a shipment of pigs from the US (Nardelli et al., 1978) . This classical H1N1 swine influenza virus (classical SIV) subsequently spread to the rest of continental Europe, although since 1979 it has been largely replaced by another H1N1 virus that had been introduced from birds into pigs (Pensaert et al., 1981) . The haemagglutinin (HA) of this latter virus was found to be closely related antigenically (Hinshaw et al., 1984) , and genetically (Scholtissek et al., 1983) to avian H1 influenza viruses and distinct from classical SIVs. It was not until 1992 that the ' avian-like ' H1N1 viruses were detected in pigs in the UK, resulting subsequently in a number of disease outbreaks (Brown et al., 1993) . In addition, ' humanlike ' H3N2 viruses have been isolated repeatedly from pigs in Europe but only occasionally in countries outside Europe (Webster et al., 1992) .
H1N1 viruses of swine and avian origin that are currently 0001-4104 # 1997 SGM FFD cocirculating in European pigs (Abusugra et al., 1989 ) present a potential for the emergence of new strains by genetic reassortment. There is substantial evidence that genetic reassortment between influenza viruses in pigs can occur in nature. Phylogenetic analyses of ' human-like ' H3N2 viruses circulating in Italian pigs revealed that genetic reassortment had been occurring between ' avian-like ' and ' human-like ' viruses since 1985 (Castrucci et al., 1993) . The unique cocirculation of influenza A viruses within the European swine population may lead to pigs serving as a mixing vessel for reassortment between influenza viruses from mammalian and avian hosts.
In the present study, we examined the antigenic variation in swine H1N1 viruses isolated from European pigs, using a panel of monoclonal antibodies (MAbs) to the HA of swine H1N1 viruses isolated recently. To establish the antigenic relatedness of these H1N1 viruses from pigs, comparisons were done with H1N1 viruses from birds and humans. To investigate relationships more precisely, the nucleotide sequences for the HA genes were determined and compared to published data to examine their genetic relatedness. Complete sequence for the nucleoprotein genes and partial sequences for the other genes encoding the internal proteins and neuraminidase (NA) were obtained from selected viruses to determine their origins and establish if genetic reassortment between influenza A viruses had occurred.
Methods
Virus strains. A total of 14 H1N1 influenza viruses from birds and pigs was used for antigenic analyses. We selected six H1N1 influenza A virus isolates (five swine, one avian) from which to clone and sequence Smeenk & Brown (1994) the HA gene. These complemented five strains from which selected genes had been sequenced (Schultz et al., 1991 ; Luoh et al., 1992 ; Ludwig et al., 1994 Ludwig et al., , 1995 and the HA genes of seven others from databank sources. Viruses from which the HA gene was sequenced are summarized in Table  1 , which includes their abbreviations used in the text. In addition, we sequenced partially the genes encoding the internal proteins and NA of two swine H1N1 influenza viruses (A\swine\England\195852\92 and A\swine\Schleswig-Holstein\1\93). Virus growth and RNA isolation. The viruses were propagated in the allantoic cavities of 10-11-day-old embryonated fowls' eggs for 48-72 h at 35 mC. The viruses were purified and viral RNA was extracted using standard procedures (Maniatis et al., 1982 ; Olsen et al., 1993 ; Wood et al., 1994) .
Antigenic characterization. Selected H1N1 viruses isolated from pigs and birds in Europe during 1981 to 1993 were examined in haemagglutination inhibition (HI) tests according to standard methods, with panels of H1-specific MAbs raised against classical SIVs (Sheerar et al., 1989) and an ' avian-like ' swine virus (Ludwig et al., 1995) .
Molecular cloning. Purified viral RNAs were reverse-transcribed and full-length cDNAs were amplified by PCR (Luoh et al., 1992 ; Adeyefa et al., 1994) using specific primers. PCR products derived from viral RNA were processed according to standard procedures (Alting- Mees & Short, 1989 ; Luoh et al., 1992 ; Wood et al., 1994) .
Nucleotide sequence determination. The nucleotide sequences were determined using the dideoxynucleotide chain termination method. Newly prepared or existing panels of synthetic oligonucleotide primers (Luoh et al., 1992) were annealed to template DNA. Ambiguities in sequences were resolved by sequencing the complementary strand or by sequencing multiple clones. For all of the viral segments at least two independent clones were analysed.
Sequence analyses of HA and NP genes. The sequence data were assembled, analysed, compared and translated by using programs from the Genetics Computer Group (GCG) (Devereux et al., 1984) . Nucleotide and amino acid sequence identity comparisons of the nucleoprotein (NP) gene of paired viruses were done using the GCG program Distances. Amino acid mutations in the HAs of recent ' avianlike ' swine viruses, on the basis of comparisons with swGer81, were mapped on the established three-dimensional structure of H3 HA, according to the method of Philpott et al. (1990) .
Sequence analyses of genes encoding the internal proteins and NA. Partial nucleotide sequence data were assembled and analysed by a ' best-local-homology ' rapid search procedure using a gene database, to generate the 50 most homologous scores and reveal the relationship of the virus gene to others in the database (Adeyefa et al., 1994) .
Phylogenetic analyses of the HA gene. The GCG software package was used for the preparation of figures. Phylogenetic analyses were done with the software package PHYLIP, version 3.5c (Felsenstein, 1991) . The HA1 portion of the HA gene of a total of 17 H1 influenza A viruses from pigs, birds and humans was analysed. Following sequence alignment using PILEUP and conversion to the PHYLIP format with READSEQ, phylogenies of gene nucleotide sequences were estimated by maximum likelihood using the program DNAML (Felsenstein, 1981) . The program DRAWTREE was used to produce the phylogenetic tree diagram.
Results

Antigenic reactivity of selected viruses in HI tests with MAbs
HI tests with the panel of MAbs detected distinct antigenic differences between the HAs of classical and ' avian-like ' swine H1N1 influenza viruses. In HI tests with MAb 2-15F1 there was no reactivity with ' avian-like ' H1N1 viruses from * MAbs 2-15F1 and 1-6B2 were prepared to the HA of A\sw\WI\27\86 ; MAbs 3F2c and 7B1b, to the HA of A\sw\IN\1726\88 (Sheerar et al., 1989) ; MAbs 22G2, 27A5, 11G4 and 22G8 were prepared to the HA of A\sw\Germany\2\81 (Ludwig et al., 1995) . † HI titres are expressed as the reciprocal of the dilution i10 −# of antibody inhibiting four haemagglutinating units of virus. , Not tested.
European pigs, in contrast to low reactivity with all the European classical SIVs tested and high reactivity with a North American classical SIV. In HI tests with MAb 3F2c there was low reactivity with ' avian-like ' H1N1 viruses from European pigs but a high reactivity to all classical SIVs tested. Generally, the swine viruses could be clearly distinguished from all avian H1N1 viruses. Interestingly, tyGer91, an H1N1 virus considered to have been introduced recently from pigs to turkeys in Germany (Ludwig et al., 1994) , was inhibited in HI tests with MAb 22G8 and to high titres with 27A5 (in common with all the swine viruses tested, and in contrast to the other viruses from birds) but gave low titres with other MAbs reacting strongly with swine isolates. The results are summarized in Table 2 .
Sequence analyses of genes encoding the internal proteins and NA of ' avian-like ' swine viruses
Two viruses, swEng92 and swGer93, isolated recently from pigs and which were indistinguishable antigenically from ' avian-like ' swine H1 influenza viruses, were examined to determine the origin of the PB2, PB1, PA, NA, M and NS genes. Each of these genes of both viruses was related most closely to those of avian or ' avian-like ' swine viruses (Table 3) . The PB1 gene of swGer93 was most closely related to that of human H2N2 strains. However, during the antigenic shift in human influenza from H1N1 to H2N2 in 1957 the PB1 gene was derived from an avian virus (Scholtissek et al., 1978) . It can be concluded that the ' avian-like ' swine H1 viruses may infect and circulate in pigs without genetic reassortment with influenza A viruses from mammalian species.
Analyses of the nucleotide and deduced amino acid sequences of the HA genes of avian and ' avian-like ' swine viruses
To investigate the molecular basis for observed antigenic variations between ' avian-like ' swine H1N1 viruses and classical SIVs, and the variation within swine ' avian-like ' H1N1 viruses as detected in HI tests with polyclonal sera (Hinshaw et al., 1984 ; Brown et al., 1993) and the MAbs in the present study, the region of RNA segment 4 encoding the HA1 polypeptide chains of the HA gene of six viruses was sequenced. These viruses were representative of the groups of viruses under study. The HA1 subunits of the HAs analysed consisted of 326 amino acid residues encoded by 978 nucleotides. The deduced amino acid sequences were compared with those of the reported sequences of HA genes of swine and avian viruses (Luoh et al., 1992 ; Ludwig et al., 1994 Ludwig et al., , 1995 , using swGer81 as the standard (Fig. 1) . SwGer81 differed from tyGer91 by 10 amino acids, from swGer91 by 22, from swGer92 by 21, from swEng92 by 21 and from swGer93 by 24. The mutations were distributed randomly across HA1 and not associated specifically with regions that have been determined or proposed to influence antigenic properties of the influenza virus HA Raymond et al., 1986 ; Wiley & Skehel, 1987) . The amino acid differences between swGer81 and swEng92 in HA1 were located on the three-dimensional structure of the HA molecule and are topographically represented in Fig. 2 . Amongst the recent ' avian-like ' swine viruses, 17 of the amino acid differences were conserved, suggesting they were closely related phylogenetically. Three of these conserved residue differences at positions (H3 numbers in parentheses) 138 (125), 155 (141) and 238 (224) were located in regions containing antigenic sites.
The nucleotide and deduced amino acid sequences of the complete HA gene were determined for the English and German swine viruses (Fig. 1) . Of the ' avian-like ' viruses the greatest variation in the HA2 polypeptide was seen between swGer81 and swGer93 with nine amino acid differences. Six of these were conserved in all four ' avian-like ' swine viruses examined that had been isolated since 1991.
Four potential glycosylation sites (N-X-S\T) were observed on HA1 of ' avian-like ' swine, avian and classical swine viruses (five on the HA1 of swInd88) examined. Numbering was aligned with the H3 viruses (Wiley & Skehel, 1987) , with the amino acid residues for the primary translation product given in parentheses. Three glycosylation sites were conserved at positions 27\28 (20\21), 40 (33) and 104 (94) in all strains analysed. A fourth glycosylation site was present at position 304 (289) in the early ' avian-like ' swine virus, swGer81, tyGer91 and the classical SIVs, swIta81, swEng86, swInd88 and swEng93, whilst in the recent ' avian-like ' swine viruses an additional potential glycosylation site was located at position 291 (276). In addition, the HA1 of swInd88 contained an extra carbohydrate attachment site at position 293 (278).
The evolutionary rates of HAs of ' avian-like ' swine H1N1 viruses from European pigs in the period 1981-1993 was 0n59 to 0n61 per cent amino acid changes per HA1 domain per year.
To investigate the apparent antigenic differences between classical and ' avian-like ' swine H1N1 viruses in epitopes for MAbs to the HA of swInd88 and A\sw\WI\1915\88, the amino acid substitutions in the HA of ' avian-like ' swine viruses were compared with swInd88. Epitopes for these MAbs have been located to amino acids 156 (MAb 2-15F1) and 170 (MAb 3F2c) by sequencing MAb-selected variant viruses (Luoh et al., 1992) . All the ' avian-like ' swine viruses examined had an alanine-to-serine change (alanine to aspartic acid in MAbselected variant virus) at amino acid 156 (antigenic site Ca) explaining the lack of reactivity with MAb 2-15F1.
Analyses of the nucleotide and deduced amino acid sequences of the HA genes of European classical swine viruses
The HA genes of three classical SIVs, swIta81, swEng86 and swEng93, were sequenced and the data obtained were compared to published data for swInd88, a classical SIV from North America and to an ' avian-like ' swine virus, swGer81 (Fig. 1) . The HA1 polypeptide of swIta81 differed from that of swEng86 by 10 amino acids, from swInd88 by 16, from swEng93 by 11 and from swGer81 by 58. The HA1 polypeptide of the two UK viruses differed by seven amino acids. The HA2 domains of the UK viruses and swInd88 were also compared. There were two amino acid differences between the UK viruses, eight between swInd88 and swEng86 and ten between swInd88 and swEng93.
The evolutionary rates of HAs of European classical SIVs in the periods 1981-1986 and 1986-1993 were 0n61 and 0n31 % amino acid changes in HA1 per year, respectively.
Comparison of amino acid mutations in the HA of European classical viruses with swInd88 suggests that the lysine-tothreonine change at amino acid 155 (antigenic site Ca) in European classical viruses may explain the lower reactivity of these viruses with MAb 2-15F1 compared to the North American strain.
Analyses of the nucleotide and deduced amino acid sequences of the NP genes of avian and ' avian-like ' swine viruses
Two viruses, swEng92 and swGer93, isolated recently from pigs and indistinguishable antigenically from ' avian-like ' swine H1 influenza viruses, were examined to determine the origin of the NP gene. Since the NP is the major viral component determining species specificity (Scholtissek et al., 1985) , full-length sequence of the NP gene was determined and compared to the NP sequences of other H1N1 viruses from pigs, birds and humans. The highest levels of nucleotide (98n2-99n2 %) and amino acid (99n2-99n4 %) homology were found in comparisons with avian or ' avian-like ' swine viruses indicating that the NP genes of swEng92 and swGer93 were most closely related to those of avian viruses.
Phylogenetic analysis of the HA gene
A phylogenetic tree of the nucleotide sequences of the HA1 portion of the HA gene of 17 selected H1 influenza A viruses is shown in Fig. 3 . The classical SIVs share a common ancestor with the human H1N1 viruses, but form a distinct lineage. This lineage contains two subgroups, based on the geographical origin of the viruses, North America and Europe. A distinct sublineage of European viruses containing swIta81 supports the introduction of classical SIV into Italy in 1976 from North America (Nardelli et al., 1978) . The ' avian-like ' swine viruses from European pigs formed a distinct subgroup within the avian lineage. This subgroup contained an avian (dkHK77) virus from Asia, whilst the other subgroup consisted of viruses from ducks in North America. The UK prototype of ' avian-like ' swine virus (swEng92) clustered closely with recent ' avian-like ' swine viruses from Europe and therefore supports the introduction of these viruses into the UK in 1992 from continental Europe.
Discussion
The H1N1 viruses isolated from pigs and birds in Europe since 1981 could be divided into three groups using the panel of MAbs in HI tests : classical SIVs, which were indistinguishable from North American strains, ' avian-like ' swine H1N1 viruses, which could be distinguished from both classical and avian H1 influenza viruses and the avian H1 influenza viruses, which had no clear pattern of reactivity with the panel of MAbs, being largely unreactive.
Sequence analyses of the HA1 regions of the HA genes of eight selected swine isolates revealed a substitution in antigenic site Ca between classical and ' avian-like ' swine viruses. Epitopes recognized by some of the MAbs used in the present study have been mapped by Luoh et al. (1992) . An amino acid mutation in site Ca at position 156 was conserved in all ' avianlike ' viruses examined, reinforcing the fact that MAb 2-15F1 is invaluable for the typing of swine H1N1 influenza viruses isolated to date and may be of future use. Although there was genetic identity in the defined amino acid residues for antigenic site Sb (MAb 3F2c) between the viruses examined, antigenic variations may be explained by a substitution in amino acids that are related topographically to the original residues, as described for a swine H1N1 influenza virus in North America (Olsen et al., 1993) . Furthermore, the lower reactivity of European isolates of classical SIVs with MAb 2-15F1 when compared to North American strains of classical SIVs correlates with the amino acid mutation at position 155, located in antigenic site Ca of HA1 of European classical SIVs. The genetic and antigenic data suggest that antigenic site Ca is not shared, and site Sb may be modified between avian and swine H1N1 viruses (Luoh et al., 1992) thereby facilitating differentiation.
FFJ Fig. 2 . Locations of the amino acid changes within HA1 of swGer81 and swEng92, mapped onto the α-carbon tracing of the H3 HA1 polypeptide chain . The amino acids numbering follow Fig. 1 and corresponds to the H3 HA subtype numbers in parentheses ; amino acids, 53 (46), 71 (63), 77 (69), 103 (93), 113 (103), 138 (125), 149 (135), 155 (141), 159 (145), 202 (188), 213 (199), 214 (200), 224 (210), 238 (224), 258 (244), 283 (268), 284 (269), 288 (273), 293 (278) , 306 (291) and 328 (313).
All of the ' avian-like ' swine H1N1 viruses examined from Europe were more similar to H1 viruses from birds than to strains of classical SIVs or human viruses. These results agree with earlier antigenic studies (Hinshaw et al., 1984 ; Ludwig et Fig. 3 . Unrooted phylogenetic tree for the HA1 portion of the HA gene of selected H1 influenza A viruses from pigs, birds and humans analysed using maximum likelihood. The horizontal lengths of the branches are proportional to the nucleotide sequence differences ; vertical lines are for spacing only. The numbers are arbitrary units relative to nucleotide sequence differences.
al ., 1994, 1995) . The HA gene of swEng92 was most similar to that of swGer92, suggesting the introduction of ' avian-like ' swine H1N1 viruses to pigs in the UK in 1992 (Brown et al., 1993) from continental Europe. The introduction of this virus into a naive pig population resulted in widespread disease outbreaks in the UK. Interestingly, the HA gene of tyGer91 was most closely related genetically to that of swGer81, in addition to antigenic reactivities in common with ' avian-like ' swine viruses. This suggests that the HA gene of this virus may have been derived from a precursor or contemporary strain of ' avian-like ' swine virus in apparent contrast to some of the other gene segments which may have originated from a more recent ' avian-like ' swine virus associated with disease on a pig farm near to the poultry unit where the virus was isolated (Ludwig et al., 1994) . This raises the possibility of genetic reassortment between H1N1 viruses. Strains of classical SIVs from European pigs were most similar to each other, but also had high identity values with strains from North America, the probable source of their progenitor viruses (Nardelli et al., 1978) .
The number and distribution of glycosylation sites on the HA1 subunits of European swine H1N1 influenza viruses were consistent with earlier findings, which indicated that avian and classical H1 influenza viruses contain many fewer potential sites than human H1 viruses (Neumeier & Meier-Ewert, 1992 ; Inkster et al., 1993) . Since carbohydrate side-chains can mask antigenic sites sterically, they may contribute to antigenic conservation or variation (Air & Laver, 1986) . The low immune pressure in pigs may not offer a selection advantage to viruses with glycosylation sites which mask antigenic sites.
The results of the phylogenetic analysis demonstrated clearly that H1 influenza viruses endemic in pigs in Europe belong to one of two lineages : avian and classical SIVs. The classical SIVs obtained from pigs in the UK since 1986 appear to have descended from viruses circulating in Italian pigs in the late 1970s or early 1980s and were not the result of independent introduction of North American viruses. H1N1 influenza A viruses had been isolated from pigs in the UK during 1938-1940, but these have been shown to be related most closely, both antigenically and genetically, to human H1N1 influenza viruses and grouped on the ' human ' lineage (Neumeier & Meier-Ewert 1992) .
The HA of the ' avian-like ' swine H1N1 viruses from European pigs appears to be evolving faster than that of classical SIV. After the initial introduction of classical SIV to European pigs the evolutionary rate of viruses of this type appears to be similar to related viruses from North America (Luoh et al., 1992) .
Genetic analyses of the RNA segments encoding the internal proteins and NA of swEng92 and swGer93 revealed that all of the genes were most closely related to those of avian influenza A viruses. ' Avian-like ' swine viruses of H1N1 phenotype have been maintained in pigs for at least 14 years without genetic reassortment with mammalian influenza A viruses occurring. This contrasts with ' human-like ' H3N2 viruses isolated from European pigs which have undergone genetic reassortment with ' avian-like ' swine H1N1 viruses (Castrucci et al., 1993) . ' Avian-like ' H1N1 viruses and ' humanlike ' H3N2 have cocirculated in European pigs for several years, but it would appear that genetic reassortment between these subtypes, whilst retaining the H1N1 phenotype, provides no selective advantage for pigs over genetically stable H1N1 viruses containing the avian genotype.
